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Abstract
To address the possible involvement of VGF peptides in obesity and diabetes, we studied
type 2 diabetes (T2D) and obese patients, and high-fat diet induced obese mice. Two VGF
peptides (NAPP-19 and QQET-30) were identified in human plasma by HPLC-ESI-MS. The
VGF C-terminus, the above two cleaved peptides, and the TLQP-21 related peptide/s were
studied using ELISA and immunohistochemistry. In euglycemic patients, plasma NAPPE
and TLQP like peptides were significantly reduced with obesity (74±10 vs. 167±28, and 92
±10 vs. 191±19 pmol/ml, mean+SEM, n = 10 and 6, obese vs. normal BMI, respectively,
p<0.03). Upon a standard glucose load, a distinct response was shown for VGF C-terminus,
TLQP and QQET-like (ERVW immunoreactive) peptides in euglycemic normal BMI
patients, but was virtually abolished in euglycemic obese, and in T2D patients indepen-
dently of BMI. High-fat diet induced obese mice showed reduced plasma VGF C-terminus,
NAPPE and QQET-like (ERVW) peptide/s (3±0.2 vs. 4.6±0.3, 22±3.5 vs. 34±1.3, and 48±7
vs. 100±7 pmol/ml, mean+SEM, n = 8/group, obese vs. slim, respectively, p<0.03), with a
loss of the response to glucose for all VGF peptides studied. In immunohistochemistry,
TLQP and/or VGF C-terminus antibodies labelled VGF containing perikarya in mouse celiac
ganglia, pancreatic islet cells and thin beaded nerve fibres in brown adipose tissues, with
fewer in white adipose tissue. Upon the glucose load, tyrosine hydroxylase and VGF C-ter-
minus immunoreactive axons became apparent in pancreatic islets of slim animals, but not
in obese animals. Alltogether, a significant loss of VGF peptide immunoreactivity and/or
their response to glucose was demonstrated in obese patients, with or without T2D, in paral-
lel with a similar loss in high-fat diet induced obese mice. An involvement of VGF in meta-
bolic regulations, including those of brown and/or white adipose tissues is underlined, and
may point out specific VGF peptides as potential targets for diagnosis and/or treatment.
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Introduction
Type 2 diabetes (T2D) is a chronic disorder of carbohydrate, fat and protein metabolism,
steadily increasing worldwide. The global epidemic of T2D appears to be largely secondary to
insulin resistance induced by obesity [1]. Of metabolically healthy adults, those with body mass
index (BMI) 30 kg.m-2 show an increased risk of developing T2D, compared to normal
weight individuals [2–4]. Adipose tissue appears to be a critical component in metabolic con-
trol, responding to nutritional, hormonal and neuronal signals [5, 6] by releasing hormones
including adipocytokines, which in turn regulate insulin sensitivity [7].
The neurotrophin responsive gene vgf (nonacronymic name) has recently been shown to be
involved in the regulation of energy balance [8, 9]. VGF mRNA is selectively expressed in neu-
rons and neuroendocrine elements, and its primary translation product, the VGF protein, gives
rise to several low molecular weight VGF peptides [10, 11]. These are stored in secretory vesi-
cles and can be secreted upon stimuli [12, 13]. One such naturally occurring VGF peptide,
TLQP-21, was shown to increase resting energy expenditure upon intracerebroventricular
injection [14]. Such peptide appears to be present in sympathetic nerve fibres in WAT, to bind
at high affinity to adipocyte membranes, and to increase lipolysis via activation of noradrena-
line/β-adrenergic receptor pathways [15, 16]. Chronic administration of TLQP-21 delayed the
onset of overt diabetes by preserving islet cell mass in Zucker Diabetic Fatty rats [17]. The C-
terminally extended peptide named TLQP-62 distinctly stimulated basal insulin secretion in
several insulinoma cell lines [18]. A further peptide derived from a different portion of VGF,
named NERP-2, was found to increase glucose-stimulated insulin secretion from the β-cell
line MIN6, as well as from isolated mouse pancreatic islets [19]. Further complexity, as well as
possible diverging roles of yet uncharacterized VGF peptides are suggested by the remarkable
phenotype of vgf knockout mice, which are hyperactive and hypermetabolic, with a deranged
hypothalamic response to feeding [8, 20]. None the less, only a few studies have so far
addressed human obesity and/or diabetes. In a group of patients treated for idiopathic intracra-
nial hypertension, VGF immunoreactivity proved higher in cerebro-spinal fluid from obese,
compared to non-obese subjects [21]. The number of neurons expressing both NPY and VGF
was increased in the hypothalamic infundibular nucleus, but decreased in the nucleus of tractus
solitarius of T2D patients, compared to non-diabetic controls [22].
To address the potential role of VGF in obesity and T2D, we studied a mouse model of
high-fat diet induced obesity, in parallel with human newly diagnosed diabetics and age-
matched euglycemic controls, classified according to their body mass index (BMI). Four VGF
peptides were investigated, including the TLQP peptides which exert known actions on meta-
bolic regulations [14, 15, 18].
Material and Methods
Human studies
Patients (20–81 years, male, BMI 19–47 Kg m-2) underwent a standard oral glucose tolerance
test (OGTT, with 75 g glucose), according to the 2013 American Diabetes Association recom-
mendations [23], because of risk factors for T2D (obesity, hypertension, dyslipidaemia and/or
T2D in first degree relative/s). Plasma samples were aliquotted at the time of OGTT, and stored
frozen at -80°C. All subjects were classified as: “euglycemic”, or “T2D”. A novel diagnosis of
T2D was established when plasma glucose (measured using a Miura 200 analyser, ISE, Italy)
was either:>7.0 mmol/L (126 mg/dL) while fasting, or:>11.1 mmol/L (200 mg/dL) at 120 min
after the glucose load. Both T2D and euglycemic subjects were further subdivided in age-
matched groups according to their BMI, as follows: “normal weight” (BMI<24.9 Kg m-2;
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N = 6 and 6, respectively), “overweight” (25<BMI<29.9; N = 6 and 7, respectively), or “obese”
(BM>30 Kg m-2; N = 8 and 10, respectively). Of 43 subjects examined, 21 (50%) showed arte-
rial hypertension, 14 (33.3%) hypercholesterolemia with/without associated hypertriglycerider-
emia. Arterial hypertension and dyslipidemia were similarly distributed across all subgroups
examined. Plasma insulin was measured by RIA (DIAsource ImmunoAssays S.A., Belgium).
Human samples were collected between 2010 and 2013 at the Endocrinology and Diabetes
Unit, Department of Medical Sciences, University of Cagliari. All participants provided their
written informed consent, and the study were approved by the Ethical Committee of Cagliari
AOU (“Azienda Ospedaliera Universitaria”), protocol n. 450/09/C.E.
High-resolution HPLC-ESI-MS and MS/MS analysis
Human plasma was pooled from 16 euglycemic subjects (about 1 ml each), filtered through a
30kDa cutoff Amicon Ultra device (Merck Millipore, Tullagreen Carrigtwohill Co. Cork, Ire-
land), dried using a Vacufuge Concentrator (Eppendorf, Milan, Italy), redissolved in 0.5 mL of
0.1% trifluoroacetic acid (TFA) and analysed by high-resolution HPLC-ESI-MS using an Ulti-
mate 3000 HPLC (Dionex, Sunnyvale, CA, USA) equipped with a FLM-3000-Flow manager
module, and an LTQ Orbitrap XL (Thermo Fisher). A 300SB-C18 Zorbax column (5 μm, 300
Å pore size, 150 × 1.0 mm: Agilent Technologies, Santa Clara, CA) was run with 0.056% aque-
ous TFA (eluent A) and 0.050% TFA in acetonitrile/water (80:20 v/v: eluent B). A step gradient
was applied as follows: (i) 5 to 55% B, 40 min; (ii) 55 to 100% B, 8 min; (iii) 100% B to 5% (9
min), at a flow rate of 80 μL/min. The injection volume was 20 μL. Positive MS/MS spectra
were recorded in full scan mode using the lock mass for internal mass calibration (polydi-
methylcyclosiloxane, 445.1200m/z) with a 60000 and 30000 resolutions, respectively, and a
350 to 2000m/z range. The three most intense multiply charged ions were fragmented using
collision-induced dissociation (35% normalized collision energy). Tuning parameters were:
capillary temperature 250°C, source voltage 4.0 kV, capillary voltage 48 V, tube lens voltage
170 V. High-resolution MS/MS were annotated manually, as well as using the Proteome Dis-
coverer 1.2.0 software (2010, Thermo Fisher Scientific) based on SEQUEST cluster as search
engine (University of Washington, Seattle, WA, licensed to Thermo Electron, San Jose, CA)
against the UniProt Knowledgebase (release 2014–08, 03-Sep-2014).
Animal studies
Male CD1 mice (Charles River, Lecco, Italy: 4–5 weeks, 22–26 g body weight), were housed
under standard conditions (23±2°C, 60±10% relative humidity, 12–12 h light-dark cycle, 6 per
cage), and fed standard chow (3.9 Kcal/g, 10.7% from fat, code 4RF21 fromMucedola, Italy;
N = 24 mice), or a high-fat diet consisting of the same chow with the addition of 30% w/w por-
cine lard (from a local supplier; 5.6 Kcal/g, 45% from fat; N = 24 mice). All animals had free
access to water and food throughout. At 16 weeks, all high-fat diet mice showed a body weight
higher than the average of the lean group +2 SD, hence were deemed “obese”. Both “slim”
(N = 24) and “obese” mice (N = 24) were fasted (8 hours) and further subdivided into a: “glu-
cose load”, and a: “fasting” group (N = 12+12 each). Mice underwent blood sampling from the
tail vein (for rapid glucose testing: multiCare-in, Biochemical Systems International, Arezzo,
Italy), then were either sacrificed immediately (“fasting” group), or received a glucose load (3g/
kg, i.p.) and were sacrificed after 120 min (“glucose load” group). At sacrifice, mice underwent
deep diethyl ether anaesthesia, blood was drawn from their right heart (with ethylenediamine-
tetraacetic acid, 1.78 mg/mL), hence were either perfusion fixed (for immunohistochemistry,
N = 4 per each of the four resulting groups: with 40 g/L paraformaldehyde in 0.1 mol/L PO4,
via the left ventricle), or were rapidly dissected (N = 8 per group) for tissue VGF peptide
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extraction. Blood samples were rapidly spun, and the resulting plasma was aliquotted and
stored frozen. Fixed tissue samples (celiac ganglion, pancreas, epididymal and interscapular
fat) were rinsed in PBS containing 70 g/L sucrose and 0.1 g/L NaN3, set up in blocks using
cryoembedding media [24] and snap-frozen. Cryosections (5–30 um) were collected on slides
coated with poly-l-lysine (Sigma, Milan, Italy). For tissue VGF peptide assays, WAT and BAT
were collected on ice and extracted as previously described [25]. Experimental protocols were
approved by the Ethical Committee of the University of Cagliari and were performed in agree-
ment with Italian legislation, and the care and use of animals approved by the American Physi-
ological Society and EEC Council Directive of 24 November 1986 (86/609).
VGF antibodies
Antisera (Table 1) were produced as previously described [26, 27]. Briefly, a His615-Arg616-
Pro617 sequence is found at the C-terminal end of rat and mouse VGF, as opposed to Arg613-
Arg614-Pro615 in man [28], and antisera were raised against the corresponding nonapeptides
conjugated via an N-terminal tyrosine. TLQP-peptides were isolated from rat brain and proved
to be cleaved from VGF at the rat VGF553-555 (Arg553-Pro554-Arg555) processing site [29], at
least their N-terminal five amino acids (Thr-Leu-Gln-Pro-Pro) being identical in human and
rat VGF. The rat VGF556-565 peptide was synthesized and conjugated at its C-terminus. Two
further, recently identified peptides appeared to correspond to rat VGF489-507 and VGF180-209
(or identical sequences within human VGF), and were named: NAPP-19 (tentatively NERP-4),
and QQET-30 (tentatively NERP-3), respectively [30]. Synthetic decapeptides at the N-termi-
nal end of NAPP-19 (rat VGF489-497), and at the C-terminal end of QQET-30 (rat VGF200-209)
were conjugated to either keyhole limpet haemocyanin, or bovine thyroglobulin, via an addi-
tional Cysteine residue at their C- and N-terminus, respectively, and used for immunizations.
Thus, our QQET-30 antibodies were produced against its C-terminal peptide C-LESPG-
PERVW, and will be referred to as: “ERVW” antibodies (or: “ERVW” ELISA and “ERVW” like
peptide/s, where appropriate). All antibodies we produced against VGF peptides were intended
to be specific for the corresponding truncated sequence at their respective N- or C-terminus
(Table 1), hence are expected to cross-react extensively with peptides elongated at their other
end. Specificity was addressed by ELISA (Table 1), as well as by immunohistochemistry, the
relevant immunostaining being prevented by pre-absorption of each antiserum with the corre-
sponding peptide (up to 100 nmoL/mL) in each case. VGF C-terminus and TLQP antibodies
have been characterized previously, and were found to recognize a number of VGF peptides of
different MW containing their corresponding C- and N-terminal peptide sequence used for
immunization, respectively [25, 31, 32]. In view of the methods used, the expression: VGF C-
terminus peptide/s, or: TLQP peptide/s, etc. will be intended to indicate the corresponding:
“peptide-like immunoreactivity” throughout.
Immunohistochemistry
Cryosections were incubated overnight in a humid chamber, with primary antibodies diluted
in PBS containing 30ml/L of normal donkey serum and 30 ml/L of normal mouse serum, and
0.02 g/L NaN3. Double immunofluorescence experiments were carried out mixing one VGF
antibody (dilution: 1:300–3000, as appropriate), with either a tyrosine hydroxylase (TH, from
Sheep, Chemicon, Temecula, CA), or an insulin antibody (from Guinea Pig, Biodesign, Saco,
MA). The relevant species-specific donkey secondary antibodies, conjugated with either Cy3 or
Cy2 (Jackson Immunoresearch Laboratories, West Grove, PA) were used to reveal primary
antibody binding sites. Slides were coverslipped with PBS-glycerol, observed and photographed
using BX41 and BX51 fluorescence microscopes (Olympus, Milan, Italy), equipped with
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simultaneous visualization filter sets developed with Chroma (Bellows Falls, VT), and with Fuji
S2 and S3 Pro digital cameras (Fujifilm, Milan, Italy). Routine controls included substitution of
each antibody, in turn, with PBS, the use of pre-immune or non-immune sera, and the testing
of each secondary antibody with their respective non-relevant primary antibodies.
Enzyme linked immunosorbent assay (ELISA)
VGF assays and their characterization are summarized in Table 1. Competitive ELISA was per-
formed as previously reported [25, 27]. Briefly, multiwell plates (Nunc, Milan, Italy) were coated
with the relevant synthetic peptide (3 h, at room temperature), hence treated with PBS containing
9% normal donkey serum, 20 nM aprotinin, and 1 mg/mL ethylenediaminetetraacetic acid
(EDTA) for 2 hours. Primary incubations were carried out in duplicate, including serial dilutions
of standard (0.005–500 pmol/ml) or samples (4 h at room temperature). Biotinylated secondary
antibodies (Jackson, West Grove, PA), streptavidin-peroxidase conjugate (Biospa, Milan, Italy),
and a tetrametylbenzidine substrate (TMB X-traKem-En-Tec, Taastrup, Denmank) were used to
reveal bound antibodies. The reaction was stopped with HCl (1 mol/L) and the optical density
was measured at 450 nm using a multilabel plate reader (Chameleon: Hidex, Turku, Finland).
Recovery of synthetic peptide/s added to plasma, or to tissue samples at extraction was>85% for
all assays used. Absolute numerical values of tissue concentrations measured per each peptide
studied ought to be considered (or compared across different peptides) with caution, pending
precise characterization of the heterogeneous molecular species present.
Statistical analyses
Analysis of variance was carried out by one-way ANOVA, followed by post hoc tests (Student-
Newman-Keul tests), while the paired two-tailed Student’s t-test was used for two sample com-
parisons, by means of the StatistiXL software in both cases. In human subjects, correlations
between serum VGF peptides and biochemical parameters was analyzed by non-parametric
methods (Mann-Whitney and Krskall-Wallis tests).
Results
HPLC-ESI-MS of human plasma
Since little is known as to the precise identity of VGF peptides in peripheral human blood, we
tested a pool of euglycemic subject plasma samples, treated to select<30kDa molecular species.
The peptides NAPP-19 (human VGF485-503, also named: NERP-4) and QQET-30 (human
VGF177-206, also named: NERP-3) were unambiguously identified (Fig 1), with the addition of
a two-amino acid shorter form related to NAPP-19 (human VGF487-503). The analysis of MS/
MS spectra confirmed the sequence of both peptides (see annotated HPLC-ESI-MS/MS spectra
in S1 and S2 Figs). The latter attribution was based on the very close agreement between experi-
mental and theoretical m/z values of [M+H]+ (theoretical 3407.69 m/z, Fig 1F), as well as on
the correspondence of the relevant elution time with the one of synthetic QQET-30 peptide.
ELISA of human plasma
Measurable immunoreactivity was found for all VGF peptides studied (Fig 2). On the whole,
VGF peptides were distinctly more abundant in euglycemic subjects, especially in the normal
weight group. In the latter group, TLQP and NAPPE peptide/s were significantly higher than
in corresponding obese, as well as (NAPPE peptide/s only) compared to normal weight diabet-
ics. Upon the oral glucose load, immunoreactivity for three out of four VGF peptides showed a
significant response in euglycemic subjects, largely in the normal weight group (Fig 2, first two
VGF Peptides in Obesity and T2D
PLOSONE | DOI:10.1371/journal.pone.0142333 November 12, 2015 6 / 16
sets of bars: VGF C-terminus, TLQP and ERVW peptide/s). Hence, upon the glucose load the
difference between normal weight and obese euglycemic patients became apparent for all pep-
tides studied. T2D subjects failed to show any significant response of any of the VGF peptides
studied upon the glucose load (Fig 2, last two sets of bars). No correlation was found between
Fig 1. HPLC-ESI-MS of human plasma. The NAPP-19 and QQET-30 peptides were unambiguously identified. Panel A: HPLC-ESI-MS total ion current
(TIC) profile, with enlarged view (range 4.05–28.03 min) of the human sample (<30kDa preparation). Panels B-D: extracted Ion Current (XIC) peaks
corresponding to NAPP-19 (i.e. VGF485-503: B), its truncated co-eluting form VGF487-503 (C), and QQET-30 (D). The same panels indicate m/z values of the
multiply charged ions used to extract the ion current peaks. Panel E: deconvoluted ESI-MS spectra of NAPP-19 (monoisotopic [M+H]+ at 1915.012 m/z) and
VGF487-503 (monoisotopic [M+H]
+ at 1729.932m/z). Panel F: deconvoluted ESI-MS spectrum of QQET-30 (monoisotopic [M+H]+ at 3407.697m/z). Sodium
ion adducts are also depicted (ibidem). RT = retention time; NL = normalization level; amino acid numbering is referred to human VGF throughout.
doi:10.1371/journal.pone.0142333.g001
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the concentrations of any of the VGF peptides studied and either: age, arterial hypertension,
dyslipidemia, or plasma insulin (data non shown).
ELISA of mice plasma and tissues
VGF peptide/s were measured in plasma and in adipose tissues (both BAT and WAT). In basal
conditions, plasma levels of VGF C-terminus, NAPPE, and ERVW peptide/s were significantly
higher in slim vs. obese mice (Fig 3, top panel, 0’ bars). Plasma VGF C-terminus and TLQP like
peptides showed a distinct response after the glucose load in slim mice, which was virtually lost
in obese animals (ibidem, 120’ vs. 0’ bars). In BAT, TLQP, NAPPE and ERVW peptide/s were
significantly higher in fasting, slim animals (Fig 3, middle panel, 0’ bars), while VGF C-termi-
nus like peptide/s showed a distinct increase upon the glucose load (ibidem, 120’ vs. 0’). Con-
versely, in WAT (Fig 3, bottom panel) ERVW peptide/s (only) were distinctly higher in fasting,
slim vs. obese mice, while all other VGF peptides we investigated revealed a significant response
to the glucose load, again in slim animals only.
Immunolocalisation in mice
In the celiac ganglion (Fig 4A–4C), TLQP antibodies labelled numerous neuronal perikarya,
also displaying TH immunoreactivity (Fig 4B), while the other VGF peptides studied showed a
Fig 2. VGF peptides in human plasma. VGF peptides were studied at fasting (0’), and upon an oral glucose
tolerance test (120’). Euglycemic and newly diagnosed type 2 diabetic subjects (T2D) were subdivided in:
normal weight, overweight and obese. Normal weight, fasting euglycemic patients showed significantly
higher TLQP and NAPPE immunoreactive peptide/s vs. the corresponding obese subjects (first set of bars in
each panel), as well as vs. normal weight diabetics (NAPPE peptide/s only, third vs. first set of bars). Upon
the glucose load, VGF C-terminus, TLQP and ERVW peptide/s were stimulated in euglycemic normal weight
subjects, but not in the other body weight groups (second vs. first set of bars), nor in diabetic patients (fourth
vs. third set of bars). VGF C-term: VGF C-terminus peptide/s, ERVW refers to the C-terminally directed assay
used for QQET-30 like peptide/s (see Table 1); means±SEM, * = P<0.03.
doi:10.1371/journal.pone.0142333.g002
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comparable though less intense immunostaining. No clear cut differences were observed in the
latter location across the four mice groups (not shown). A small number of VGF C-terminus
reactive axons (Fig 4D), as well as brighter TLQP labelled fibres were shown in BAT (ibidem:
G), where they formed a major subpopulation of TH containing fibres (ibidem: D-I). Similar,
though less numerous VGF-immunoreactive axons were found in WAT (not shown).
In fasting, slim mouse pancreas VGF antisera stained a large number of islet cells, as previ-
ously reported [26]. The brightest immunostaining was found for the VGF C-terminus antise-
rum (Fig 4J), which also labelled β-cells reactive for TH (ibidem: J-N, arrows).
After the glucose load (time 120’), TH and VGF immunolabelling of β-cells was somewhat
reduced in both slim (ibidem: O) and obese mice (ibidem: Q), while a striking number of TH
containing, beaded nerve axons became apparent running close to and inside islets and also
displaying VGF C-terminus immunoreactivity (ibidem: K,O). The latter labelled nerves were
confined to slim mice, being undetectable in obese animals (ibidem: M,Q).
Fig 3. ELISA of VGF peptides in mouse. Upper panel (plasma): upon fasting (0’), higher VGF C-terminus,
NAPPE, and ERVW immunoreactive peptide/s were shown in slim vs. obese mice, while the glucose load
(120’) led to increased VGF C-terminus and TLQP peptide/s in slim mouse, with little response in the obese
group. Middle panel (brown adipose tissue, BAT): TLQP, NAPPE and ERVW peptides were higher during
fasting (0’) in slim mice, which also showed a distinct increase of VGF C-terminus peptide/s after the glucose
load (120’). Lower panel (white adipose tissue, WAT): in basal conditions (0’) ERVW peptide/s levels were
higher in slim mice, while the glucose load (120’) resulted in a response of all other VGF peptides in slim mice
(only). VGF C-term: VGF C-terminus peptide/s; ERVW refers to the C-terminally directed assay used for
QQET-30 like peptide/s (see Table 1); mean±SEM, * = P<0.03.
doi:10.1371/journal.pone.0142333.g003
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Fig 4. Immunolocalization of VGF peptides in mouse tissues. A-C: In celiac ganglia from slim mice, TLQP antiserum (A) stained a large number of cell
bodies, which also contained TH (B). D-I: In BAT from slim mice, VGF-immunoreactivity was shown in thin, beaded nerve axons running close to adipocytes,
most of which also labelled for TH (E). TLQP-labelled fibres (G) were more numerous than VGF C-terminus reactive ones (D), and appeared to form a major
portion of TH-containing axons. J-Q: In the pancreas from fasting, slim mice (J: time 0’) VGF C-terminus peptide/s were shown in fairly numerous islet cells,
including virtually all TH containing cells (N). Upon i.p. glucose load, distinct TH, as well as VGF C-terminus immunoreactive axons became apparent,
running close to and inside the islets (slim mice: K,O vs. J,K), while endocrine cells showed reduced staining intensity. Such nerve labelling was virtually lost
in obese mice (M,Q at time 120’), while a comparable reduction in islet cell labelling was revealed. VGF C-term: rat/mouse VGF C-terminus antibody, TH:
tyrosine hydroxylase, merged: simultaneous dual-visualization of red and green labelling; arrows: examples of dual immunolabelled cells: Cy3, green
labelling, Cy2; scale bars: A-C = 10 um, D-I: 50 um, J-Q = 10 um.
doi:10.1371/journal.pone.0142333.g004
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Discussion
Our study reports the novel identification of two VGF derived peptides in the human plasma,
the distinct response of several VGF peptides to an oral glucose load (OGTT) in normal weight
subjects, and their down regulation and blunted response in obese subjects and in T2D
patients. Experiments on high fat diet induced obese mice largely confirmed the latter findings.
Nomenclature of VGF peptides and VGF antibodies / ELISA
A prevalent approach for the naming of VGF peptides has been the use of the single-letter
codes of the first four amino acids (at the peptide N-terminus), followed by the number of
amino acids residues (e.g. TLQP-21). We used such peptide denomination, appending further
information such as their sequence within VGF, or other denominations.
Apart the VGF C-terminus, we aimed at distinguishing cleaved VGF peptides, as opposed
to the same sequences embedded within larger molecular forms encompassing the relevant
cleavage site/s. For instance, we aimed at the “free” (cleaved) TLQP-21 / TLQP-62 N-terminus
(sequence: TLQPPASSRR. . .), vs. the identical sequence contained internally (. . .PNYI-RPR-
TLQPPASSRR. . .). Thus, antibodies and ELISA assays were named (Table 1) on the basis of
the first few amino acids at the N- or C-terminal sequence used for immunizations, to under-
line antibody and ELISA specificity (e.g.: ERVW antibodies, directed to the C-terminus of the
QQET-30, or NERP-3 peptide). Minimally extended peptides encompassing the closest amino
acid residue within the relevant cleavage site (e.g. R-TLQPPASSRR. . .) were used to gain
insight as to antibody selectivity (Table 1), though the minimal difference involved vs. the
immunogen predictably resulted in distinct over-estimation of potential cross-reactivity with
native peptides present in vivo.
Unavoidably, antibodies highly selective for the N-, or C-terminus of a peptide will be
unable to distinguish molecular forms extended at the other end (C- or N-terminus, respec-
tively). As mentioned, our ELISA data represent the overall immunoreactivity resulting from
the heterogeneous molecular forms present, which share the truncated sequence for which the
assay is specific. The complexity of VGF peptide molecular forms has been the subject of sev-
eral molecular and proteomic studies [21, 29, 30], and the samples and tissues we studied are
most likely to have contained different molecular species related to the VGF immunoreactivi-
ties we analysed. Pending their precise identification, major molecular forms expected to cross-
react in our assays are briefly summarized in Table 1. In view of the pathophysiological impli-
cation of molecular species of VGF peptides which are, or may be, endowed with differing bio-
activity and role/s, further focused studies are warranted.
VGF peptide identification in human plasma
In human plasma, HPLC-ESI-MS identified the authentic VGF peptides QQET-30 (also
named NERP-3) and NAPPE-19 (also named NERP-4). So far, little other information is avail-
able as to the precise identity of circulating VGF peptides. Using immunochemical methods,
several VGF peptides were studied in rat plasma upon osmotic stimuli [10] and during the
estrous cycle [33], while the VGF protein was assessed in SOD1 G93A transgenic mice [34].
Our present inability to detect other VGF peptides is perhaps not unexpected in view of the
molecular complexity of plasma. In fact, a variety of issues are yet to be addressed, including
possible binding to plasma proteins, while the known molecular heterogeneity of VGF peptides
[28, 35] may have resulted in a relatively low abundance of single MW species.
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ELISA of VGF peptides in plasma
Measurable immunoreactivity was found for all VGF peptides studied, in both human and
mouse. The number of human subjects studied was small, within the framework of a pilot
study. None the less, in both species studied euglycemic slim subjects showed a distinct
response to the glucose load, or higher fasting levels in slim subjects / animals vs. obese or T2D.
Similarly, in both species the distinct response of (at least) plasma VGF C-terminus and TLQP
peptides found in euglycemic slim subjects, or mice was virtually lost in euglycemic obese and
in all T2D human subjects, as well as in obese mice. Hence, the various VGF peptide immuno-
reactivities we studied appeared to be downregulated with obesity, as well as in T2D human
subjects with or without obesity. Our results strongly argue for a key role of VGF peptides in
mechanisms related to energy balance and glucose metabolism, as recent studies indicate.
Chronic injection of TLQP-21 in pre-diabetic ZDF rats preserved islet cell mass and slowed the
onset of diabetes [17]. More recently, NERP-2 stimulated food intake when injected i.c.v. [36],
while increasing glucose induced insulin secretion upon i.v. administration [19]. As to the
source of circulating VGF peptides, the endocrine pancreas appears to be a major site of
expression of VGF peptides [28, 31]. Other endocrine and/or neuroendocrine sources are likely
to contribute plasma VGF peptides, including at least adrenal gland [25], pituitary [26] and
ovary [33], though possible changes in VGF peptide profiles upon obesity and/or diabetes in
such locations are as yet undetermined.
VGF peptides in mouse tissues
As for plasma, tissue VGF immunoreactive peptide levels in BAT and WAT were higher in
slim vs. obese mice, and/or showed a distinct response to glucose in the former, but not in the
latter. Some differences were revealed, the glucose load leading to a striking increase in tissue
concentrations of VGF C-terminus, TLQP and NAPPE peptides in WAT, while the response
was lower and confined to VGF C-terminus peptide/s in BAT. On such basis, one could specu-
late that VGF peptides may be involved in different mechanisms in such two locations.
VGF peptides are widely present in sympathetic pathways, encompassing the hypothalamic
nuclei [35, 37], as well as the celiac ganglion, WAT, BAT and in sympathetic axons and termi-
nals innervating pancreatic islets, as shown here. The prompt response of both TH and VGF
peptides upon the glucose load in sympathetic axons supplying pancreatic islets, together with
their increase in the peripheral circulation, suggests a distinct increase of VGF peptide biosyn-
thesis and transport to terminals, together with stimulation of their release, arguing for a likely
dynamic regulatory role in response to metabolic stimuli.
In our small series of patients, VGF peptides and/or their response to glucose were down
regulated in both T2D patients and euglycemic obese subjects. Since obesity often precedes,
and increases the risk of T2D, it will be of interest to investigate the development of changes in
VGF peptide profiles in human obesity, as a potential clue to the their role/s in the develop-
ment of T2D, and/or as a lead to the development of novel monitoring or therapeutic strategies
aimed at controlling obesity and/or the evolution to overt T2D.
At the same time, it ought to be noticed that the expression of VGF mRNA and/or peptides
in adipocytes, and/or in some of migratory and inflammatory cells localized within the adipose
tissue awaits full clarification. While local release of VGF peptides from certain tissues compo-
nents (e.g. sympathetic terminals) may be reflected in plasma changes due to a wash-out effect,
possible release from other sources to act via a hormonal pathway ought to be considered.
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Molecular heterogeneity, actions and role/s of VGF peptides
As mentioned, the immunoreactivities we measured are expected to include different molecu-
lar forms of the VGF peptides studied. Differential activities of differing molecular species
must be considered, as well as differences in VGF and its derived peptides across species, such
as shown for the C-terminal domain of VGF. TLQP-21 increased resting energy expenditure
upon i.c.v. injection, via up-regulation of β2 adrenergic receptors in BAT and UCP1 in WAT
[14]. It also showed stimulatory action on lipolysis in WAT [15], as well as enhancing insulin
secretion and glucose tolerance [17]. The C-terminally extended peptide TLQP-62, which
would be detected by both the TLQP and the VGF C-terminus assay and antibodies in the pres-
ent study, proved more powerful in stimulating insulin secretion from insulinoma cell lines,
compared to TLQP-21 and several other fragments from the C-terminal domain of VGF, and
improved glucose tolerance when injected peripherally in mice [18]. Conversely, a study on the
isolated perfused rat pancreas failed to confirm the stimulatory action of TLQP-21 on insulin
secretion [38]. Depending on the actual balance of TLQP-21 and TLQP-62 peptides, one could
hypothesize a decreased availability TLQP-21 releasable from sympathetic terminals in WAT.
Together with the increased binding capacity for TLQP-21 found in WAT of diet induced
obese mice [15], such a decreased availability would point to a pathophysiological mechanism
of altered WAT regulation in obesity, further broadening the multifaceted impact of diabetic
neuropathy [39]. Conversely, a reduction of both TLQP-62 and TLQP-21 could result in defec-
tive stimulation on insulin secretion from pancreatic islets. Recently, at least one receptor for
TLQP-21 has been identified [40] and characterized in its precise reactivity depending on the
precise C-terminal sequence of the TLQP-21 peptide [16]. In such region, the human sequence
shows some difference from the rat/mouse sequence, resulting in an approximately 20%
potency on the rat receptor [16]. A further sequence difference in a near by region appears to
result in a C-terminally amidated TLQP-24 form, while the rat/mouse VGF does not show the
corresponding cleavage and C-terminal amidation site. Human TLQP-24 showed anti-bacte-
rial activity, but its role in vivo is so far unknown [41]. As to The QQET-30 (NERP-3) and
NAPP-19 (NERP-4) peptides, little is so far known as to their action and possible roles in the
present context. Recently, the expression in mouse of human VGF, or a C-terminally deleted
form (93 amino acids) resulted in increased, or decreased body weight, respectively [42]. While
the differing human vs. mouse VGF sequences may well result in functional differences, one or
more peptides deriving from the C-terminal domain of VGF are likely to be endowed with crit-
ical role/s in adiposity and energy balance regulation.
Supporting Information
S1 Fig. NAPP-19 HPLC-ESI-MS/MS spectrum.
(DOC)
S2 Fig. Human-VGF (487–503) HPLC-ESI-MS/MS spectrum.
(DOC)
S1 Dataset. Human plasma dataset.
(JPG)
S2 Dataset. Mouse tissue dataset.
(JPG)
Acknowledgments
Dr. Maria Rosaria Melis is acknowledged for assistance with animal stabulation.
VGF Peptides in Obesity and T2D
PLOSONE | DOI:10.1371/journal.pone.0142333 November 12, 2015 13 / 16
Author Contributions
Conceived and designed the experiments: FD. Performed the experiments: FD BN LA CCMI
IM SM EC BM PS RI. Analyzed the data: FD SMMI PS CC G-LF. Wrote the paper: FD CC.
References
1. Montanya E. Insulin resistance compensation: not just a matter of β-Cells? Diabetes 2014; 63:832–
834 doi: 10.2337/db13-1843 PMID: 24556860
2. Seidell JC, Björntorp P, Sjöström L, Sannerstedt R, Krotkiewski M, Kvist H. Regional distribution of
muscle and fat mass in men—new insight into the risk of abdominal obesity using computed tomogra-
phy. Int J Obes 1989; 13:289–303 PMID: 2767882
3. Vazquez G, Duval S, Jacobs DR Jr, Silventoinen K. Comparison of body mass index, waist circumfer-
ence, and waist/hip ratio in predicting incident diabetes: A Meta-Analysis. Epidemiol Rev 2007;
29:115–128 PMID: 17494056
4. Bell JA, Kivimaki M, Hamer M. Metabolically healthy obesity and risk of incident type 2 diabetes: a
meta-analysis of prospective cohort studies. Obes Rev 2014; 15:504–515 doi: 10.1111/obr.12157
PMID: 24661566
5. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endocrinol Metab 2004; 89:2548–
2556 PMID: 15181022
6. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and metabolic disease. Nat Rev
Immunol 2011; 11:85–97 doi: 10.1038/nri2921 PMID: 21252989
7. DeFronzo RA. Pathogenesis of type 2 diabetes mellitus. Med Clin North Am 2004; 88:787–835 PMID:
15308380
8. Hahm S, Fekete C, Mizuno TM, Windsor J, Yan H, Boozer CN, et al. VGF is Required for Obesity
Induced by Diet, Gold Thioglucose Treatment, and Agouti and is Differentially Regulated in Pro-Opio-
melanocortin- and Neuropeptide Y-Containing Arcuate Neurons in Response to Fasting. J Neurosci
2002; 22:6929–6938 PMID: 12177191
9. Watson E, Hahm S, Mizuno TM, Windson J, Montgomery C, Scherer E, et al. VGF ablation blocks the
development of hyperinsulinemia and hyperglycemia in several mouse models of obesity. Endocrinol-
ogy 2005; 146:5151–5163 PMID: 16141392
10. D'Amato F, Cocco C, Noli B, Cabras T, Messana I, Ferri GL. VGF peptides upon osmotic stimuli:
changes in neuroendocrine regulatory peptides 1 and 2 in the hypothalamic-pituitary-axis and plasma.
J Chem Neuroanat 2012; 44:57–65 doi: 10.1016/j.jchemneu.2012.05.001 PMID: 22613228
11. Levi A, Ferri GL, Watson E, Possenti R, Salton SR. Processing, distribution, and function of VGF, a
neuronal and endocrine peptide precursor. Cell Mol Neurobiol 2004; 24:517–533 PMID: 15233376
12. Possenti R, Eldridge JD, Paterson BM, Grasso A, Levi A. A protein induced by NGF in PC12 cells is
stored in secretory vesicles and released through the regulated pathway. EMBO J 1989; 8:2217–2223
PMID: 2676516
13. Trani E, Ciotti T, Rinaldi AM, Canu N, Ferri GL, Levi A, et al. Tissue-specific processing of the neuroen-
docrine protein VGF. J Neurochem 1995; 65:2441–2449 PMID: 7595538
14. Bartolomucci A, La Corte G, Possenti R, Locatelli V, Rigamonti AE, Torsello A, et al. TLQP-21, a VGF-
derived peptide, increases energy expenditure and prevents the early phase of diet-induced obesity.
PNAS 2006; 103:14584–14589 PMID: 16983076
15. Possenti R, Muccioli G, Petrocchi P, Cero C, Cabassi A, Vulchanova L, et al. Characterization of a
novel peripheral pro-lipolytic mechanism in mice: role of VGF-derived peptide TLQP-21. Biochem J
2012; 441:511–522 doi: 10.1042/BJ20111165 PMID: 21880012
16. Cero C, Vostrikov VV, Verardi R, Severini C, Gopinath T, Braun PD, et al. The TLQP-21 peptide acti-
vates the G-protein-coupled receptor C3aR1 via a folding-upon-binding mechanism. Structure 2014;
22:1744–1753 doi: 10.1016/j.str.2014.10.001 PMID: 25456411
17. Stephens SB, Schisler JC, Hohmeier HE, An J, Sun AY, Pitt GS, et al. A VGF-derived peptide attenu-
ates development of type 2 diabetes via enhancement of islet β-cell survival and function. Cell Metab
2012; 16:33–43 doi: 10.1016/j.cmet.2012.05.011 PMID: 22768837
18. Petrocchi Passeri P, Cero C, Cutarelli A, Frank C, Severini C, Bartolomucci A, et al. The VGF-derived
peptide TLQP-62 modulates insulin secretion and glucose homeostasis. J Mol Endocrinol. 2015;
54:227–39 doi: 10.1530/JME-14-0313 PMID: 25917832
19. Moin AS, Yamaguchi H, Rhee M, Kim JW, Toshinai K, Waise TM, et al. Neuroendocrine regulatory pep-
tide-2 stimulates glucose-induced insulin secretion in vivo and in vitro. Biochem Biophys Res Commun
2012; 428:512–517 doi: 10.1016/j.bbrc.2012.10.073 PMID: 23111332
VGF Peptides in Obesity and T2D
PLOSONE | DOI:10.1371/journal.pone.0142333 November 12, 2015 14 / 16
20. Hahm S, Mizuno TM, Wu TJ, Wisor JP, Priest CA, Kozak CA, et al. Targeted deletion of the Vgf gene
indicates that the encoded secretory peptide precursor plays a novel role in the regulation of energy bal-
ance. Neuron 1999; 23:537–548 PMID: 10433265
21. Lecube A, Poca MA, Colomé N, Bech-Serra JJ, Hernández C, García-Ramírez M, et al. Proteomic
analysis of cerebrospinal fluid from obese women with idiopathic intracranial hypertension: a new
approach for identifying new candidates in the pathogenesis of obesity. J Neuroendocrinol 2012;
24:944–952 doi: 10.1111/j.1365-2826.2012.02288.x PMID: 22296024
22. Saderi N, Salgado-Delgado R, Avendaño-Pradel R, Basualdo Mdel C, Ferri GL, Chávez-Macías L,
et al. NPY and VGF immunoreactivity increased in the arcuate nucleus, but decreased in the nucleus of
the Tractus Solitarius, of type-II diabetic patients. PLoS ONE 2012; 7(7):e40070. doi: 10.1371/journal.
pone.0040070 PMID: 22808091
23. American Diabetes Association. Standards of medical care in diabetes. Diabetes Care 2013; 36
(Supp1):S11–S66
24. Cocco C, Melis GV, Ferri GL. Embedding media for cryomicrotomy: an applicative reappraisal. Appl
ImmunohistochemMol Morphol 2003; 11:274–280 PMID: 12966356
25. D'Amato F, Noli B, Brancia C, Cocco C, Flore G, Collu M, et al. Differential distribution of VGF-derived
peptides in the adrenal medulla and evidence for their selective modulation. J Endocrinol 2008;
197:359–369 doi: 10.1677/JOE-07-0346 PMID: 18434366
26. Ferri GL, Gaudio RM, Cossu M, Rinaldi AM, Polak JM, Berger P, et al. The "VGF" protein in rat adeno-
hypophysis: sex differences and changes during the estrous cycle and after gonadectomy. Endocrinol-
ogy 1995; 136:2244–2251 PMID: 7720674
27. Cocco C, D'Amato F, Noli B, Ledda A, Brancia C, Bongioanni P, et al. Distribution of VGF peptides in
the human cortex and their selective changes in Parkinson's and Alzheimer's diseases. J Anat 2010;
217:683–693 doi: 10.1111/j.1469-7580.2010.01309.x PMID: 21039478
28. Salton SR, Ferri GL, Hahm S, Snyder SE, Wilson AJ, Possenti R, et al. VGF: a novel role for this neuro-
nal and neuroendocrine polypeptide in the regulation of energy balance. Front Neuroendocrinol 2000;
21:199–219 PMID: 10882540
29. Trani E, Giorgi A, Canu N, Amadoro G, Rinaldi AM, Halban PA, et al. Isolation and characterization of
VGF peptides in rat brain. Role of PC1/3 and PC2 in the maturation of VGF precursor. J Neurochem.
2002 May; 81(3):565–74 PMID: 12065665
30. Sasaki K, Takahashi N, Satoh M, Yamasaki M, Naoto Minamino. A Peptidomics Strategy for Discover-
ing Endogenous Bioactive Peptides. J Proteome Res 2010; 9:5047–52 doi: 10.1021/pr1003455 PMID:
20681733
31. Cocco C, Brancia C, Pirisi I, D'Amato F, Noli B, Possenti R, et al. VGFmetabolic-related gene: distribu-
tion of its derived peptides in mammalian pancreatic islets. J HistochemCytochem 2007; 55:619–628
PMID: 17312015
32. Brancia C, Cocco C, D'Amato F, Noli B, Sanna F, Possenti R, et al. Selective expression of TLQP-21
and other VGF peptides in gastric neuroendocrine cells and modulation by feeding. J Endocrinol 2010;
207:329–341 doi: 10.1677/JOE-10-0189 PMID: 20876237
33. Noli B, Brancia C, D'Amato F, Ferri GL, Cocco C. VGF changes during the estrous cycle: a novel endo-
crine role for TLQP peptides? PLoS One. 2014; 9(10):e108456 doi: 10.1371/journal.pone.0108456
PMID: 25280008
34. Zhao Z, Lange DJ, Ho L, Bonini S, Shao B, Salton SR, et al. Vgf is a novel biomarker associated with
muscle weakness in amyotrophic lateral sclerosis (ALS), with a potential role in disease pathogenesis.
Int J Med Sci. 2008 Apr 15; 5(2):92–9 PMID: 18432310
35. Ferri GL, Noli B, Brancia C, D'Amato F, Cocco C. VGF: an inducible gene product, precursor of a
diverse array of neuro-endocrine peptides and tissue-specific disease biomarkers. J Chem Neuroanat
2011; 42:249–261 doi: 10.1016/j.jchemneu.2011.05.007 PMID: 21621608
36. Toshinai K, Yamaguchi H, Kageyama H, Matsuo T, Koshinaka K, Sasaki K, et al. Neuroendocrine regu-
latory peptide-2 regulates feeding behavior via the orexin system in the hypothalamus. Am J Physiol
Endocrinol Metab. 2010; 299(3):E394–401 doi: 10.1152/ajpendo.00768.2009 PMID: 20551287
37. Snyder SE, Salton SR. Expression of VGFmRNA in the adult rat central nervous system. J Comp Neu-
rol 1998; 394:91–105 PMID: 9550144
38. Christiansen CB, Svendsen B, Holst JJ. The VGF-Derived Neuropeptide TLQP-21 Shows No Impact
on Hormone Secretion in the Isolated Perfused Rat Pancreas. HormMetab Res. 2015 Jun; 47(7):537–
43 doi: 10.1055/s-0034-1395615 PMID: 25602348
39. Verrotti A, Prezioso G, Scattoni R, Chiarelli F. Autonomic neuropathy in diabetes mellitus. Front Endo-
crinol (Lausanne). 2014; Dec 1; 5:205. doi: 10.3389/fendo.2014.00205
VGF Peptides in Obesity and T2D
PLOSONE | DOI:10.1371/journal.pone.0142333 November 12, 2015 15 / 16
40. Hannedouche S, Beck V, Leighton-Davies J, Beibel M, Roma G, Oakeley EJ, et al. Identification of the
C3a receptor (C3AR1) as the target of the VGF-derived peptide TLQP-21 in rodent cells. J Biol Chem
2013; 288:27434–27443 doi: 10.1074/jbc.M113.497214 PMID: 23940034
41. Sasaki K, Osaki T, Minamino N. Large-scale identification of endogenous secretory peptides using
electron transfer dissociation mass spectrometry. Mol Cell Proteomics. 2013 Mar; 12(3):700–9. doi: 10.
1074/mcp.M112.017400 PMID: 23250050
42. Sadahiro M, Erickson C, LinWJ, Shin AC, Razzoli M, Jiang C, et al. Role of VGF-derived carboxy-termi-
nal peptides in energy balance and reproduction: analysis of "humanized" knockin mice expressing full-
length or truncated VGF. Endocrinology. 2015; 156(5):1724–38 doi: 10.1210/en.2014-1826 PMID:
25675362
VGF Peptides in Obesity and T2D
PLOSONE | DOI:10.1371/journal.pone.0142333 November 12, 2015 16 / 16
